Tumors are aberrant organ systems containing a complex interplay between the neoplastic compartment and recruited vascular, inflammatory, and stromal elements. Furthermore, most cancers display a hierarchy of differentiation states within the tumor cell population. Molecular signals that drive tumor formation and maintenance commonly overlap with those involved in normal development and wound responses-two processes in which normal stem cells function. It is therefore not surprising that cancers invoke stem cell programs that promote tumor malignancy. Stem-cell-like cancer cells (or cancer stem cells) need not be derived from normal stem cells but may be subjected to evolutionary pressures that select for the capacity to self-renew extensively or differentiate depending on conditions. Current cancer model systems may not fully recapitulate the cellular complexity of cancers, perhaps partially explaining the lack of power of these models in predicting clinical outcomes. New methods are enabling researchers to identify and characterize cancer stem cells. Our laboratory focuses on the roles of brain tumor stem cells in clinically relevant tumor biology, including therapeutic resistance, angiogenesis, and invasion/metastasis. We hope that these studies will translate into improved diagnostic, prognostic, and therapeutic approaches for these lethal cancers.
Primary brain tumors comprise a large family of cancers (>160 types according to the World Health Organization
[WHO]) (Furnari et al. 2007 ). The most common primary intrinsic brain tumors are gliomas in adults and medulloblastomas in children. Gliomas are defined by their morphologic and marker similarities to the glia (supporting cells of the brain), which include astrocytes and oligodendrocytes, and they are named astrocytomas or oligodendrogliomas (note that ependymomas may be included as glial tumors, but they display very different biological behavior and thus are commonly considered separately). Gliomas are graded by histologic criteria that include the presence of mitoses, aberrant nuclear or cytoplasmic morphology, glomeruloid angiogenesis, and necrosis, according to a WHO system of grading from I to IV, with grades increasing with more severe malignancy. Grade III gliomas (anaplastic astrocytoma or anaplastic astrocyoma) and grade IV gliomas (glioblastoma multiforme) are the most common and lethal of the gliomas and are treated in a similar manner. Standard of care for malignant gliomas (grade III and IV gliomas) consists of maximal surgical resection, followed by external beam radiation with concurrent chemotherapy (the oral methylator temozolomide), and then adjuvant temozolomide chemotherapy (Stupp et al. 2005) . Unfortunately, tumor recurrence is essentially universal and no therapies have clear benefit in improving the survival of patients experiencing tumor recurrence or progression. The median survival for glioblastoma patients remains to be only 15 months. The outcome for children diagnosed with medulloblastoma is relatively better than for adults with glioblastoma but even long-term survivors commonly suffer long-term disability, including decreased intelligence. In fact, since the recent improvements in treating childhood leukemias, brain tumors are now the most common cause of pediatric cancer deaths. Thus, brain tumors present a severe clinical challenge, and the overall survival rate of patients has changed little in 30 years.
This chapter serves to highlight the work of the Rich laboratory within the context of this field. Because a number of laboratories share a similar research focus, this discussion represents only a small fraction of the ongoing work in the field and contains opinions of the author that may differ from those of other researchers.
CANCER STEM CELLS IN BRAIN TUMORS
Cancers are not simple collections of homogeneous neoplastic cells. Instead, a tumor is an organ system comprised of a neoplastic compartment with associated vasculature, inflammatory cells, and reactive cellular and extracellular components (Reya et al. 2001 ). Bailey and Cushing (1926) long ago recognized that brain cancers display striking morphologic variation, as evidenced by the term glioblastoma multiforme. Glial tumors often contain mixed subpopulations that morphologically resemble astrocytes and oligodendrocytes, leading to an intermediate diagnosis of oligoastrocytomas in the WHO classification system. Genetic analysis has additionally demonstrated that chromosomal aberrations and gene expression vary regionally within the tumor (Fulci et al. 2002) . Regional variance is also evident in the commonly observed mixed clinical responses detected for specific therapies, in which part of the tumor may be responsive to a therapy, whereas other areas of the tumor fail to respond (Pope et al. 2006) . Differentiation markers have been assessed in human brain tumors and demonstrate that aberrant and multiple states of differentiation may be present in the same tumor.
Our understanding of the normal development of the nervous system has dramatically increased in recent years. The nervous system has a complex differentiation hierarchy ranging from a neural stem cell that can give rise to all of the major lineages in the brain parenchyma (primarily neurons, astrocytes, and oligodendrocytes) to lineage-committed progenitors that have a more restricted differentiation potential to terminally differentiated cells ( Fig. 1) (Uchida et al. 2000; Rietze et al. 2001; Sanai et al. 2004) . The recognition of the importance of differentiation state and the role of neural stem cells in development and wound responses (two processes that are recapitulated in carcinogenesis) have prompted the application of neural stem cell biology to neuro-oncology. Stem cell concepts can influence the understanding of brain cancer in two prominent areas: tumor origin and maintenance. The cell of origin for brain tumors is unresolved with genetic models supporting either a stem cell origin or a dedifferentiated committed cell of origin, with even more recent evidence suggesting a potential dual origin with a common final morphology (for review, see Furnari et al. 2007) . No less controversial, the cancer stem cell hypothesis proposes that established tumors consist of a cellular hierarchy with a subpopulation of tumor cells able to maintain and propagate the tumor. Two competing models have been proposed: a stochastic model, in which any cell within the tumor has an equal chance of growth based on the genetic phenotype of the cell, and the hierarchical model, in which a subset of neoplastic cells can maintain tumor growth indefinitely (Reya et al. 2001) . The initial identification of a cancer stem cell occurred in leukemia (Lapidot et al. 1994; Bonnet and Dick 1997) , but similar identifications in multiple systemic cancer types have followed (Al-Hajj et al. 2003; Hope et al. 2004; Li et al. 2007; O'Brien et al. 2007; Ricci-Vitiani et al. 2007) . Cancer stem cells displaying these properties have been isolated from major types of brain tumors including gliomas, medulloblastomas, and ependymomas ( Fig. 2) (Ignatova et al. 2002; Hemmati et al. 2003; Singh et al. 2003 Singh et al. , 2004 Galli et al. 2004; Yuan et al. 2004; Taylor et al. 2005) . Several issues have contributed to controversies surrounding the cancer stem cell hypothesis. These include (1) evidence that some cancers or some tumor models do not display a recognizable hierarchy (Quintana et al. 2008) , (2) lack of universal markers that identify cancer stem cells, and (3) confusion regarding the implications of the cancer stem cell hypothesis in terms of the rarity of cancer stem cells (Kelly et al. 2007 ) and implications regarding the cell of origin. The cancer stem cell hypothesis does not require a rare cancer stem cell nor a stem cell origin for tumors (Clarke et al. 2006) . It is unlikely that stem cell biology will explain the entirety of brain tumor biology, but it is increasingly evident that Cancer stem cells are defined by a capacity for sustained self-renewal, persistent proliferation, and tumor initiation or propagation. Some characteristics that are often, but not necessarily, associated with brain tumor stem cells include rarity within a tumor, expression of stem cell markers, and a capacity for multilineage differentiation.
Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by symposium.cshlp.org Downloaded from some correlation of similar structures in the breast (mammospheres) has permitted an assessment of self-renewal through the serial passage of the spheres from single cells and of proliferation rate from the size of the generated spheres. However, caution must be exercised in interpreting the significance of neurosphere generation (Singec et al. 2006) . First, spheres may be generated from cells that were incompletely disaggregated with residual cohesive cells. Second, spheres may form and "grow" through the fusion of smaller structures that may be present at higher cellular densities. In addition, neurospheres are cell culture artifacts that do not have in vivo correlates. Finally, not all cells within a neurosphere have an undifferentiated state (in fact, stem-like cells are often a small minority) and even committed progenitors may be able to form a neurosphere. Thus, the presence of a neurosphere does not prove the presence of a stem cell in normal physiology.
Within the field of cancer stem cell biology, the current state of understanding has led to high variability in the rigor with which validation of the stem cell nature of a cellular population is approached. Many groups have simply used the presence of a stem cell marker or neurosphere generation as an indication of a cancer stem cell. This is inadequate, and these studies may create difficulty in a field that is already confusing and controversial. The requirements and challenges for the identification of a cancer stem cell are similar to those of normal stem cells. Two main approaches have been used to date. In the first, tumors are disaggregated and cultured in serum-free media until tumor spheres form (Ignatova et al. 2002; Hemmati et al. 2003; Galli et al. 2004; Yuan et al. 2004 ). These spheres are sequentially passaged to confirm sustained self-renewal. The advantage of this system is that it includes an important (if challenging) functional assay at the initial characterization. There are weaknesses, however, because the neurospheres are still mixed populations that represent only a small fraction of the original tumor. The underlying heterogeneity will, by definition, be lost. Although neurospheres can be subjected to differentiation conditions, it is unclear whether these conditions are fully representative of the diversity of cellular populations in the original tumor. In addition, serial neurosphere passage requires extended periods of cell culture that can rapidly (even in minutes) induce significant alterations in cellular biology and gene expression. Therefore, there has been a strong effort to identify cell surface antigens that can be used to prospectively enrich cancer stem cells from tumor populations immediately upon surgical resection (Singh et al. 2003 (Singh et al. , 2004 . Although several markers may be informative in brain tumor stem cell identification (e.g., Prominin-1 [CD133], CD15 [SSEA-1, Lewis x structure (Le x )], A2B5, BMI1, Nestin, Sox2, and Musashi1), there are significant deficiencies with the current available markers. In our own studies, markers are only reliably useful in segregating tumor-initiation potential after immediate derivation from an in vivo environment, suggesting that marker expression in cancer stem cells requires interactions with the microenvironment. In summary, the current methods for enrichment for cancer stem cells remain imperfect and will require improvements. stem cell signal transduction pathways are commonly dysregulated in brain tumors and that a tumor population can be commonly derived from human brain tumor surgical specimens that exhibit characteristics similar to those of normal stem cells. The acceptance of a cancer stem cell model is not mutually exclusive with a stochastic model of tumor initiation and maintenance that has been the leading paradigm in cancer biology for years, but it appears probable that these systems may be used in complement to inform research.
DEFINING BRAIN TUMOR STEM CELLS
No current agreement exists regarding the definition of a normal stem cell beyond long-term renewal and differentiation potential, so it is of little surprise that there is limited consensus regarding the defining characteristics of cancer stem cells. The current definition of a cancer stem cell requires self-renewal, sustained proliferation, and tumor initiation/propagation (Clarke et al. 2006) . Because the stem-cell-like populations are defined in functional assays, some investigators have selected a nomenclature to represent the ability of cells to propagate tumors, but these terms fail to communicate that core characteristics may be shared between these tumor cells and normal stem cells (markers, signal transduction pathways, self-renewal capacity, etc.).
Normal stem cells commonly express specific antigens that permit prospective enrichment of cells that fulfill stem cell criteria, but no antigenic profile (the immunophenotype) is absolutely representative of a stem cell. Thus, we lack the ability to directly assess the creation of a perfect copy of a cell in real time. Rather, stem cell assays validate that a cell capable of self-renewal must have been present during an earlier step. Stem cells have developmentally regulated replication that can be either symmetric (yielding two identical cells-either two stem cells or two differentiated daughter cells) or asymmetric (giving rise to one differentiated and one undifferentiated daughter cell) in response to cell state and external cues. Measuring the differentiation status of a cell in a single division presents significant challenges to score a division as symmetric or asymmetric. To date, current techniques have included measurement of polarized proteins including Notch (Wu et al. 2007 ), but current techniques cannot verify in real time that a daughter cell has not undergone differentiation. The gold standard for defining a normal adult stem cell remains the generation of the full cellular constituents of the relevant organ from a single stem cell. For the nervous system, the ability to form neurons, astrocytes, and oligodendrocytes is required of normal neural stem cells. The differentiation cascade for the hematopoietic system is by far the best characterized, but the nervous system is increasingly well modeled. In cell culture systems without serum, neural progenitors may form three-dimensional structures called neurospheres that do not adhere to the culture surface. These complex structures tend to have the least differentiated cellular populations located on the surface of the sphere, with expression of differentiation markers more commonly occurring on cells in the interior. Complex neuronal processes may be formed in these structures, and
The gold standard for defining cancer stem cells remains tumor propagation. The current preferred assay is the in vivo limiting dilution assay, in which progressively smaller numbers of tumor cells are implanted in an orthotopic location to demonstrate the minimal number of cells required to form tumors (Singh et al. 2004) . Presumably, the number of cells represents a surrogate for the frequency of true cancer stem cells. However, it is possible that for solid cancers, some tumors will require more than one cell to initiate tumor growth of even pure cancer stem cell populations. An ideal result would be to have single tumor cells demonstrate the capacity to form a tumor and give rise to daughter cells that share this characteristic (Quintana et al. 2008) . To date, the brain tumor field has not seen reports of this efficiency but instead have a cellular requirement of 100-1000 from human surgical biopsy specimens (Singh et al. 2004; Bao et al. 2006a ). Regardless, the requirement for in vivo tumor propagation is absolute. The many studies that solely assess tumor sphere formation or expression of a cancer stem cell marker cannot be considered to have demonstrated the presence of cancer stem cells and may detract from the field.
An unresolved question in the solid tumor cancer stem cell field revolves around the proliferative rate of cancer stem cells. Normal and leukemic stem cells share the ability to proliferate over the long term but are quiescent in normal conditions. In ex vivo studies, brain tumor stem cells are apparently proliferative, but this may represent a response to culture conditions. Preliminary studies of brain tumor specimens have suggested that tumors contain cells that coexpress cancer stem cell and proliferative markers, but the ability to distinguish a stem cell population from a transit-amplifying/committed progenitor population remains unreported.
The cancer stem cell hypothesis has engendered criticism due to a lack of clarity in the terminology. Many researchers and the lay public assume that a cancer stem cell is derived from a normal stem cell. Conceptually, brain tumors may be derived from neural stem cells, transit-amplifying cells, or terminally differentiated cells. A stem cell cell of origin is an attractive hypothesis because the long life of these cells would permit the accumulation of genetic and epigenetic alterations required for transformation. In addition, many characteristics of normal neural stem cells are similar to characteristics of cells in high-grade brain tumors (including diversity of cell populations, high migratory potential, and sustained proliferation). Several genetically engineered brain tumor models suggest that neural stem cells may be transformed with restricted oncogenic stimuli (for review, see Furnari et al. 2007 ). However, other models support a potential for dedifferentiation of more differentiated cells in tumor origination. Very recently, two groups in parallel have demonstrated that identical tumors (medulloblastomas) can be derived from different cells of origin with identical genetic alterations, strongly supporting a model in which cancers that display similar morphologies may be derived from different starting points (Schüller et al. 2008; Yang et al. 2008a) . It is likely that no single rule may be applied to the originating cell for a single cancer.
DERIVATION OF BRAIN TUMOR STEM CELLS
Our approach in cancer stem cell derivation has been built on the seminal studies by the Dirks laboratory that were in turn based on protocols for neural stem cell derivation (Singh et al. 2003 (Singh et al. , 2004 . We have used tumor sources of human surgical biopsy specimens immediately collected after resection and tumor xenografts maintained in an in vivo environment. We disaggregate these tumors and then prospectively sort for a single cell surface marker, Prominin-1 (cluster of differentiation 133 [CD133]), which is the most developed brain tumor stem cell marker. Prominin-1, a pentaspan transmembrane glycoprotein located on cellular protrusions, was originally identified separately through the development of antibodies against the mouse neuroepithelium (Weigmann et al. 1997 ) and CD34 bright hematopoietic stem and progenitor cells derived from human fetal liver, bone marrow, and blood Yin et al. 1997) . The function of Prominin-1 is unknown, but mutations in Prominin-1 are detected in patients with familiar macular degeneration, and they disrupt photoreceptor disk morphogenesis in a genetic mouse model (Yang et al. 2008b) .
CD133 was first used to enrich tumor-repopulating cells in leukemia (Bühring et al. 1999; Horn et al. 1999 ) and informed prognosis (Lee et al. 2001 ). On the basis of its expression on neural stem/progenitor cells, CD133 was investigated as a brain tumor stem cell marker. In seminal studies first performed in vitro and then in vivo, brain tumor stem cells were exclusively detected in CD133 + cells from gliomas and medulloblastomas (Singh et al. 2003 (Singh et al. , 2004 . Tumor-derived neurospheres from pediatric brain tumors also express CD133 and other stem cell markers (Sox2, Musashi-1, Bmi-1, maternal embryonic leucine zipper kinase, and phosphoserine phosphatase) (Hemmati et al. 2003) . The CD133 marker is not absolute but has proven useful for segregating tumorigenic potential for the majority of tumors in our laboratory. The primary advantage to this approach is that the cellular heterogeneity that is the core of the cancer stem cell hypothesis is maintained. The cells that are collected are then cultured in appropriate media: Stem cell populations are grown in defined media with growth factors (Lee et al. 2006 ) but without serum, whereas non-stem-cell populations are maintained in serum. Under these conditions, cancer stem cells will tend to form neurosphere-like structures and nonstem cells will grow as adherent cells. We have found that the cells in both populations rapidly accumulate changes in gene expression and genetic markers when cultured, suggesting that characterization of cancer stem cells and their matched non-stem-cell brethren should be performed at low passage number. Even this caveat is likely inadequate because phosphorylated proteins become altered within minutes after culturing, but our current technologies do not permit a perfect system to maintain the original cellular phenotype. Even in the earliest reports using CD133, the investigators recognized variation among tumors in marker expression. CD133 is also informative in ependymomas in conjunction with other markers (Nestin and brain lipidbinding protetin [BLBP]) (Taylor et al. 2005 ). Many reports have confirmed the utility of CD133 in prospective isolation of brain tumor stem cells (Bao et al. 2006a (Bao et al. , b, 2008 Piccirillo et al. 2006; Calabrese et al. 2007) , and CD133 has proven useful in a number of other solid cancers, including colorectal cancers (O'Brien et al. 2007; Ricci-Vitiani et al. 2007 ). However, challenges to the universal expression of CD133 have arisen, and some tumors have tumor-propagating potential without significant numbers of CD133 + cells (Beier et al. 2007 ). Interestingly, primary glioblastomas have much higher levels of CD133 + cells than do recurrent tumors. The difficulties with CD133 are multiple. For example, AC133 reagents (monoclonal antibodies against the CD133 glycoprotein) are challenging to use (Bidlingmaier et al. 2008) . In flow cytometry assays, CD133 + peaks are not fully separated from isotype antibody control peaks in most tumor preparations. Without a clear separation, CD133
-and CD133 + populations cannot be clearly delineated and require functional validation. The precise methodologies used to disaggregate tissues and purify cellular populations can have profound effects on CD133 fractions (Panchision et al. 2007 ). Cell culture conditions are important to maintain appropriate tumor stem cell populations (Lee et al. 2006 ), but direct transfer to an in vivo environment may be optimal for preservation of a CD133 + tumor cell fraction (Shu et al. 2008) . CD133 is not a static gene product but is a target of promoter methylation alterations in cancers (Tabu et al. 2008; Yi et al. 2008 ) and may be regulated during the cell cycle (Jaksch et al. 2008) . The complexity of these conditions has translated into the common use of very small numbers of tumor specimens in even high-impact reports. It is almost certainly the case, however, that morphologically identical brain tumors have underlying complex cellular differences due to different cell-of-origin or oncogenic changes that are represented with different brain tumor stem cells that may express different marker immunophenotypes.
THE SIGNIFICANCE OF BRAIN TUMOR STEM CELLS IN NEURO-ONCOLOGY
Although it may appear that the cancer stem cell hypothesis is merely an academic exercise or a laboratory phenomenon, one cannot deny the near total failure in the development of therapies to improve the outcomes of brain cancer patients using traditional laboratory-investigative approaches. The use of temozolomide has been hailed as a tremendous advance in the treatment of malignant gliomas, but the benefit has been limited to less than 3 months of improved median survival for glioblastoma patients (Stupp et al. 2005) . Not only has the genetic knowledge of brain tumor biology been inadequate to drive new effective therapies, but advanced imaging technologies are still unreliable in early tumor detection and prediction of the most important outcome: survival. The heterogeneity of brain cancers may be helpful in explaining many of our failures. To date, no direct proof of a role for cancer stem cells in brain tumor clinical trials has been reported, but several studies have examined the expression of cancer stem cell marker-positive cells in clinical brain tumor biopsy specimens.
CD133 immunohistochemistry of brain tumor specimens has shown variability in utility, likely due to the combination of tumor heterogeneity and reagent specificity. CD133 + cells reside in a perivascular niche of tumors (Bao et al. 2006b; Calabrese et al. 2007; Christensen et al. 2008) . Analysis of CD133 and proliferation has not demonstrated consistent relationships to date (Christensen et al. 2008; Ma et al. 2008 ), but CD133 may inform prognosis (Beier et al. 2008; Howard and Boockvar 2008; Thon et al. 2008; Zeppernick et al. 2008) , although some studies have failed to demonstrate a link (Christensen et al. 2008) . One study (Liu et al. 2006) found that CD133 mRNA increased after tumor recurrence. In summary, it is premature to consider CD133 to be a validated prognostic indicator. The validation of other potential markers remains less developed.
BRAIN TUMOR STEM CELLS IN THERAPEUTIC RESISTANCE
Unfortunately, patients afflicted with malignant gliomas suffer nearly universal treatment failure and death. As described above, surgical resection and cytotoxic modalities (radiation, chemotherapy) remain the mainstay of brain tumor therapy (of note, antiangiogenic therapy in the form of the humanized neutralizing antibody against vascular endothelial growth factor [VEGF] has shown initial promise). The mechanisms through which brain tumors become resistant to conventional therapy are poorly understood and are likely multifactorial. We examined a potential contribution of brain tumor stem cells to radiation resistance (Bao et al. 2006a) . We found that ionizing radiation increased the relative frequency of tumor cells expressing cancer stem cell markers in treated xenografts. The relative enrichment of these cells was accompanied by maintained capacity for self-renewal and tumor propagation, whereas matched nonstem cancer cells were more likely to die. Cancer stem cell-enriched cultures treated with radiation demonstrate a lower apoptotic fraction than do nonstem cells in the same conditions, allowing for the outgrowth of cancer stem cells. To elucidate a potential mechanism, we studied the DNA-damage checkpoint response in which a cascade of proteins integrates signals from damage sensors to determine whether cells will initiate a cell cycle arrest with DNA repair or undergo apoptosis. Cancer stem cells treated with radiation or radio-mimetics displayed an increased activation of the DNA-damage checkpoint response compared to that of matched nonstem cancer cells. Although the activated proteins showed variability among samples, some proteins appeared to be activated at baseline (e.g., Rad17), as if the cancer stem cells were primed to respond to genotoxic stress, which may be an early event in cancer initiation. The role of the DNA-damage checkpoint response proved contributory because a pharmacologic inhibitor of the checkpoint sensitized the cancer stem cells to radiation. These results were supported by studies in genetically engineered medulloblastomas (Hambardzumyan et al. 2008) . Other researchers have also found that neurosphere-forming brain tumor cells are more resistant to chemotherapy than are similar cells grown under differentiating conditions (Liu et al. 2006 ). In sum, although these studies suggest that cancer stem cells may contribute to the common therapeutic resistance of brain tumors and may be targetable with pharmacologic approaches, it also seems unlikely that the full extent of resistance in brain tumors derives from cancer stem cells.
BRAIN TUMOR STEM CELLS IN ANGIOGENESIS
Malignant gliomas are commonly angiogenic, with vascular proliferation serving as an informative histologic feature indicating a glioblastoma among the gliomas. Many growth factors are secreted by malignant gliomas to stimulate and maintain neoangiogenic vasculature. Targeted therapies have been developed against some of these pathways (for review, see Jain et al. 2007) . Most clinical trials have demonstrated modest benefits from these agents, but a potential clinical efficacy has been seen in several trials of bevacizumab (Avastin), a neutralizing antibody against VEGF (Vredenburgh et al. 2007a,b) . Interestingly, the activity of low-molecular-weight inhibitors against the VEGF receptors have been more modest in clinical trials, suggesting that the same molecular pathway may be targeted by different agents with different outcomes. During our studies of brain tumor stem cells, we noted that cancer stem cells form highly angiogenic tumors compared to the uncommon tumors that we detect in propagation studies with cancer stem cell-depleted cultures (Bao et al. 2006b ). We found that conditioned media from cancer stem cells strongly induced endothelial cell migration, proliferation, and tube formation in contrast to nonstem cancer cell conditioned media. Characterization of angiogenic proteins in the conditioned media revealed a consistent up-regulation of VEGF. We were able to specifically block the effects of cancer stem cell conditioned media on endothelial cells using bevacizumab. In animal studies, bevacizumab strongly reduced the growth of tumors derived from cancer stem cells to a size and paucity of vascularity that is nearly identical to that of the uncommon tumors formed by nonstem cancer cells. Because nonstem cancer cells can survive implantation but rarely form tumors, the angiogenic drive may provide one explanation for the striking tumor propagation of cancer stem cells. In addition, cancer stem cells may provide an angiogenic drive to support the growth of nonstem cancer cells, suggesting that their effects in the tumor may not need to be limited solely to the direct production of progeny. In our studies, we noted that the cancer stem cells appeared to be located near the vasculature. These observations have been confirmed and extended in a seminal study that demonstrated that brain tumor stem cell growth is supported by endothelial cells and that tumor formation by the cancer stem cells requires support from a vascular niche (Calabrese et al. 2007 ). Additional studies further indicate the presence of cancer stem cell marker-positive cells located in the perivascular niche of patient specimens. In sum, these studies suggest that brain tumor stem cells have the ability to form their own tumor microenvironment through the elaboration of angiogenic factors, but at the same time, they remain dependent on that niche (Gilbertson and Rich 2007) . These results may partially explain both the clinical activity of bevacizumab and the invasive phenotype in patients who suffer failure after bevacizumab treatment, because cancer stem cells display an invasive phenotype.
TARGETING BRAIN TUMOR STEM CELLS
There have been numerous recent reports of molecular targets that may be useful in ablating brain tumor stem cells. Several of these reports have focused on core stem cell/differentiation pathways, including BMI1 (Bruggeman et al. 2007; Godlewski et al. 2008) , bone morphogenic protein (BMP) (Piccirillo et al. 2006) , sonic hedgehog (Bar et al. 2007; Clement et al. 2007 ), Sox2 (Gangemi et al. 2008) , Oct4 (Du et al. 2008) , and Notch (Fan et al. 2006) . Inhibitors of growth factor pathways, including epidermal growth factor (EGF) (Soeda et al. 2008 ) and plateletderived growth factor (PDGF), may be also be useful against brain tumor stem cells. To discover new molecular targets, we have compared expression of gene products or activated signal transduction pathways between cancer stem cells and nonstem cancer cells. The rationale behind this approach is that previously unrecognized targets may be discovered in the small fraction of cells that we have found to be cancer stem cells in brain tumors (it is again important to note that cancer stem cells may not necessarily be uncommon).
In one study, we found that the cell surface protein L1 cell adhesion molecule (L1CAM, CD171) is preferentially expressed in brain tumor stem cell-enriched cultures (Bao et al. 2008) . L1CAM cosegregates with CD133 in glioblastoma patient biopsy specimens and is expressed at higher levels than in human neural progenitors. L1CAM contributes to brain tumor stem cell survival as targeting L1CAM expression through lentiviral short hairpin RNA (shRNA) specifically induced apoptosis in brain tumor stem cell cultures and ablated neurosphere formation. We found that L1CAM mediates its effects on brain tumor stem cells at least in part through the regulation of the transcriptional regulator Olig2. Other studies have demonstrated that the targeted disruption of Olig2 in genetically engineered brain tumor models blocks tumor initiation ). In our studies, targeting L1CAM decreased Olig2 expression and increased the expression of the key Olig2 target, the p21 CIP1/WAF1 cyclin-dependent kinase inhibitor, and overexpression of Olig2 rescued the effects of L1CAM targeting. Most importantly, targeting L1CAM either before xenotransplantation or in established tumors reduced tumor growth and extended the life span of mice bearing tumor stem cell xenografts. These results demonstrated that analysis of brain tumor stem cells can identify novel molecular targets that may be useful for brain tumor therapy.
The phosphoinositol-3 kinase (PI3K) pathway is commonly dysregulated in malignant gliomas through mutations in either the subunits of PI3K or the phosphatase and tensin homolog (PTEN) tumor suppressor gene (Cancer Genome Atlas Research Network 2008) . PI3K functions in part through regulation of the Akt/protein kinase B (PKB) survival pathway. We therefore examined the activation state of Akt in brain tumor stem cells compared to matched nonstem tumor cells (Eyler et al. 2008 ). The level of activating phosphorylation of Akt was lower at baseline in brain tumor stem cell cultures but was also more sensitive to inhibitory effects of low-molecularweight Akt inhibitors. Whereas Akt inhibition of nonstem tumor cells was largely cytostatic, tumor stem cells displayed an apoptotic response with Akt or PI3K inhibitors. Akt inhibitors also reduced neurosphere formation and invasion. Finally, tumor initiation was impaired by Akt inhibition. These results and those of other laboratories studying BMP, Notch, sonic hedgehog (SHH), and epidermal growth factor (EGFR) (Fan et al. 2006; Piccirillo et al. 2006; Bar et al. 2007; Clement et al. 2007; Lee et al. 2008; Soeda et al. 2008) suggest that brain tumor stem cells may be particularly sensitive to targeted therapies against signal transduction pathways.
The c-myc oncogene is commonly involved in cancer initiation and maintenance, but the role of c-myc in glioma biology is poorly understood. We examined the potential role of c-myc in brain tumor stem cells as a result of its involvement in normal stem cell biology . Glioma stem cells derived from human surgical biopsies consistently expressed higher levels of c-myc mRNA and protein relative to the nonstem tumor cells. Targeting c-myc expression was cytostatic in nonstem tumor cells but potently induced apoptosis and blocked self-renewal in the glioma stem cells. Most importantly, targeting c-myc expression completely blocked tumor propagation in transplantation studies. These results are very similar to those of a genetically engineered glioma model in which p53 and Pten are disrupted (Zheng et al. 2008 ).
These and several other studies have laid the foundation for novel insights into brain tumor biology through the analysis of molecular regulators of brain tumor stem cells. The extension of these studies into combination regimens with other therapies and potential clinical trial application may offer improved clinical outcomes.
PERSPECTIVE
Neuro-oncology has witnessed some important therapeutic advances, particularly in the treatment of pediatric brain tumors. Unfortunately, the outcome for adult patients with the most common intrinsic primary brain tumor, glioblastoma multiforme, continues to be extremely poor, with even the most exciting advances providing only minimal improvement in median survival in clinical trials. Fundamental changes in our paradigm in the development of prognostic markers, imaging, and therapy must occur for real change in patient outcome. It is potentially useful to take lessons from another area of medicine: infectious diseases. Mycobacterium tuberculosis (Mtb) is a major health burden in the developing world and in immunocompromised hosts. Few new effective antituberculosis agents have been developed. Recent studies suggest that traditional high-throughput Mtb drug development assays that essentially and nonspecifically target proliferation may not be useful for improving patient outcome because the model does not recapitulate in vivo conditions (Nathan et al. 2008) . Rather, Mtb displays a cellular heterogeneity in a small fraction of the total population that is resistant to conventional therapies and is relatively quiescent. Nonreplicating bacteria may be critical to the problem of persistent Mtb infection. The striking parallels to cancer stem cell biology cannot be ignored and are not surprising because nature tends to repeat patterns. It is probable that not all cancers display a clear cellular hierarchy of tumor growth but the heterogeneity of cancers is essential to incorporate in models. The concept of stem-cell-like cells within brain tumors is not new, but recent technologies have improved the ability to prospectively enrich for cancer stem cells, and the recent increase in genetic understanding of brain tumors has informed the development of genetic brain tumor models. Although it is unlikely that brain tumor stem cells will inform all of brain tumor biology, our current failure in clinical neuro-oncology demands the aggressive investigation of new areas of research. Our studies and those of other laboratories have suggested that brain tumor stem cells contribute to therapeutic resistance, tumor angiogenesis, and invasion. Further characterization of this cellular fraction may guide the development of biomarkers, imaging modalities, and treatments that will hopefully be more effective. However, this field is immature and progress will likely be made with stumbles and errors and will be a learning process. The current challenge in deriving and maintaining brain tumor stem cells is a major limitation in the field because most laboratories do not have access to viable clinical specimens and animal resources. However, it is important to find ways to adapt these techniques for widespread use because there is currently insufficient evidence to show that established cell lines maintained for long periods in serum are useful in cancer stem cell studies. Cell cultureparticularly long-term cell culture in medium containing serum-is well recognized to induce genetic changes that were not present in the original tumor, limiting the utility of cell lines in modeling the original disease. The development of validated brain tumor models that can be shared in the field would be an important step forward. In addition, the functional assays for all brain tumor stem cell studies must be standardized with current use of serial neurosphere formation as a surrogate for self-renewal and tumor propagation. Available markers for brain tumor stem cells are imperfect and cannot be definitively linked to a stem cell phenotype, supporting an urgent need for improved markers. Because brain tumors are likely heterogeneous diseases, universal marker immunophenotypes may not be identifiable, but markers may assist in subcategorizing tumors. Molecular regulators of brain tumor stem cells may provide biomarkers, imaging targets, and therapeutic targets, but it is likely that molecules may be shared with normal somatic stem cells and thus their use may be complicated. Regardless of the outcome, the recognition of the potential importance of the cancer stem cell hypothesis has energized brain tumor research. The healthy debate between believers and skeptics will almost certainly lead to completely unforeseen directions in the field of brain tumor research and therapeutic development. In the end, we all hope to help those patients and families who are afflicted by brain tumors. 
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